The thermal behaviour of a 30Li 2 OÁ70TeO 2 glass was studied by use of an in situ high-temperature X-ray diffractometer equipped with a position-sensitive detector (PSD). The dynamical structural changes were also observed by differential thermal analysis (DTA) and differential scanning calorimetry (DSC) measurements. Differences and contradictions exist in previous studies related to the phase relation at high temperature, including the process of phase change. It is found that in the exothermic process after a glass transition between 553 and 623 K, an unknown phase of lithium tellurite (LT-X) crystallizes at ®rst. At almost the same temperature, a minor component of vitreous TeO 2 appears during decomposition of vitreous 30Li 2 OÁ70TeO 2 of the initial phase. After that, the thermal changes of the lithium tellurite and the TeO 2 components proceed independently. The LT-X phase converts to -Li 2 Te 2 O 5 , and the vitreous TeO 2 phase is followed by crystallization of an -TeO 2 phase. In the endothermic process between 673 and 793 K, the -Li 
Introduction
Tellurite glasses are candidate materials for optical devices (Nasu et al., 1990; Tanabe et al., 1990) . For practical applications, such as a photo recording material, it is important to know the thermal behaviour. In the present study, we examined a lithium tellurite glass with composition 30Li 2 OÁ70TeO 2 , which presents a complicated phase relation and an unsolved change process at high temperature. Balaya & Sunandana (1993) studied the thermal behaviour of a 30Li 2 OÁ70TeO 2 glass by differential scanning calorimetry (DSC) and X-ray diffraction methods, on quenched samples. They reported thermal stability of the 30Li 2 OÁ70TeO 2 glass and discussed the eutectic composition compared with a phase diagram of a Li 2 O±TeO 2 system proposed by Yakhind & Martishchenko (1970) . Norbert et al. (1976) reported on phase relations, mainly at high temperature, of orthorhombic Li 2 Te 2 O 5 (-Li 2 Te 2 O 5 ), which was formed by thermal reaction of 2TeO 2 and Li 2 O at 673 K. As regards the crystallization of a Li 2 O±TeO 2 glass system, Inoue & Nukui (1992) studied the reliability of the change process of the phase in thermal cycles by differential thermal analysis (DTA). Tatsumisago et al. (1995) reported the change of the structure units (TeO x polyhedra) in Li 2 O±TeO 2 glass found by high-temperature Raman spectroscopy and DTA. Among the above-cited results, some differences and contradictions exist in the change process of the phase. Furthermore, the eutectic composition of the Li 2 O±TeO 2 system according to Yakhind & Martishchenko (1970) differs from that of Balaya & Sunandana (1993) . These discrepancies may mainly arise from the interpretation of the data obtained by the X-ray observations of the quenched phases. Therefore, dynamic observation of the thermal behaviour is useful to clarify the phase relation at high temperature.
In the present study, we tried to measure dynamically (a) the change process of 30Li 2 OÁ70TeO 2 glass with elevating temperature, (b) the reversible or irreversible phase change with increasing and decreasing temperature from that of the stable region, and (c) the stability of the phase when maintaining an appropriate temperature. The thermal structural change was observed by a high-temperature X-ray diffractometer equipped with a furnace and a position-sensitive detector (PSD), which enabled us to obtain X-ray diffraction patterns in a wide range of diffraction angle (20±130 in 2) for a very short measurement time (at least 1 ms). The thermal change was also observed by DTA and DSC. After describing these experiments and the results, herein we present a systematic discussion on the thermal behaviour of 30Li 2 OÁ70TeO 2 glass at high temperature.
Experimental procedure

Glass preparation
The 30Li 2 OÁ70TeO 2 glass sample was prepared by melting stoichiometric mixtures of analytic grade reagents of TeO 2 and Li 2 CO 3 . The mixtures were fused in platinum crucibles by using an electric furnace at 1173 K for 1 h. Then, the melt was poured onto a carbon block and quenched into glass by compressing with another carbon block. The glass samples were ground and used in a powder state after ®ltering through 150 mesh (K standard).
DTA and DSC measurements
The DTA and DSC traces were recorded at a heating rate of 10 K min À1 . -Al 2 O 3 was used as a reference material for the temperature and the curve. The temperature changes associated with thermal transitions were monitored using a differential platinum±platinum/rhodium thermocouple.
Dynamic X-ray diffraction measurements at high temperature
The X-ray diffraction measurements were made using in situ high-temperature X-ray diffractometry. A Seeman-Bohlin optical system, in which a PSD was employed as X-ray detector, was applied in order to obtain information on the structural change rapidly. A Bragg±Brentano mode with a scintillation counter (SC) was used for exact identi®cation of phases observed at high temperature. A more detailed description of the apparatus has been given by Nukui et al. (1996) . Cu K radiation at 50 kV and 250 mA was monochromated by a bending graphite monochromator. The PSD was applied as a multichannel analyser, with 2048 channels, which corresponded to 0.06 in 2 per channel. A heating rate of 10 K min À1 was adopted, as for the DTA and DSC measurements. Each X-ray diffraction pattern in the 2 range 20±130 for every temperature measurement was obtained in 60 s in the present study. A short measurement time is adopted in order to observe possible intermediate phases and structural change, and to enable comparison with DTA and DSC results.
Results
Thermal changes
The DTA and DSC curves for the powder sample of 30Li 2 OÁ70TeO 2 glass from 473 to 873 K are shown in Fig. 1 . A small endothermic reaction near 493 K can be assigned to a glass transition, which means the transformation of an initial vitreous state into a liquid-like atomic arrangement (liquidlike phase). Above this temperature, the DTA and DSC curves show basically three exothermic and two endothermic peaks with broad shoulders. The three exothermic reactions observed from 553 to 673 K show peaks located at around 563, 593 and 623 K. The endothermic reactions occurred in the temperature range from around 673 to 793 K, with peaks at around 713 and 753 K together with a broad peak around 773 K. The peak at 753 K, in particular, has a prominent broad endothermic shoulder at 738 K.
Structural changes
X-ray diffraction patterns of the 30Li 2 OÁ70TeO 2 sample at high temperatures are shown in 
Identification of the phases observed
X-ray diffraction patterns of crystalline phases found at appropriate temperatures are shown in Fig. 3 . In order to identify these phases, observed at high temperatures, X-ray diffraction data of -Li 2 Te 2 O 5 were calculated from its single-crystal structure (CachauHerreillat et al., 1981) by using CrystalMaker (Palmer, 1996) . This is necessary because there is no relevant X-ray diffraction data ®le in the JCPDS (International Centre for Diffraction Data) database. Fig. 4 shows a calculated X-ray pro®le of -Li 2 Te 2 O 5 .
The X-ray diffraction data of the crystalline phase observed at 563 K, shown in Fig. 3 , did neither ®t to that of any lithium tellurite compound on ®le with the JCPDS, nor ®t to the calculated X-ray diffraction data of -Li 2 Te 2 O 5 . This unidenti®ed phase of the lithium tellurite compound is termed an LT-X phase hereinafter. An X-ray pro®le of the crystalline phase taken at 673 K, after converting at 603 K from the LT-X phase, ®tted mostly to the calculated Xray diffraction data of -Li 
Phase relation
There is a basic problem as to whether each observed phase is stable or not, and whether the phase change is reversible or not. Thus, we initially examined (a) the stability of the phase at constant temperature and (b) the phase change by decreasing the temperature from the boundary temperature of the stable region.
A series of X-ray spectra were recorded at intervals of 60 s at constant temperatures of 563, 583, 603 and 703 K. That at 703 K is shown in Fig. 6 . The LT-X phase did not turn into another phase within 30 min at 563 K. The LT-X phase turned rapidly into the -Li 2 Te 2 O 5 at 583 K. However, the -TeO 2 still did not appear at this temperature. When the temperature was raised to 603 K, the -TeO 2 appeared initially and grew with time, together with -Li 2 Te 2 O 5 . Also it was found thatLi 2 Te 2 O 5 changed into -Li 2 Te 2 O 5 after 3 h of heating at 703 K, indicating that the boundary temperature seems likely to depend on the rate of temperature rise. In order to determine the exact boundary temperature and stability of the phases observed, more in situ experiments related to the time spent at the constant temperature are required. Under the equilibrium conditions, this boundary temperature is reported as 698 K by Yakhind & Martishchenko (1970) .
Regarding the phase relation between the -Li 2 Te 2 O 5 and the -Li 2 Te 2 O 5 phases, Fig. 7 shows X-ray spectra of the samples cooled from 743 K, in which the -Li 2 Te 2 O 5 is the stable phase, to room temperature and to 623 K. In the X-ray spectrum taken at 623 K, cooled from 743 K, a peculiar diffraction peak of the -Li 2 Te 2 O 5 phase, that is, 10.5 in 2, was found. This means that it is possible for the -Li 2 Te 2 O 5 phase to change reversibly back to the -Li 2 Te 2 O 5 phase.
Discussion
The phase relation of 30Li 2 OÁ70TeO 2 glass at high temperature obtained in the present study is summarized in Fig. 8. 
Structural change based on exothermic reaction
In the full DTA and DSC curves, the three exothermic reactions were observed up to 673 K. The numbers of the exothermic peaks are the same as those of Balaya & Sunandana (1993) for a powder specimen. However, peak pro®le data, reaction temperatures and correspondence with the observed phases are different from those of Balaya & Sunandana (1993) .
The ®rst, large, exothermic peak, beginning from about 553 K, and with a maximum at 569 K, in the DSC curve corresponds to the formation of the unknown lithium tellurite, LT-X, which began to appear in the X-ray spectrum taken at 573 K, through the glass transition from the 30Li 2 OÁ70TeO 2 vitreous state as the initial phase. Balaya & Sunandana (1993) reported that the ®rst exothermic peak, beginning from 566 K and with a maximum at 580.5 K, corresponded to the formation of an unknown crystalline phase and an orthorhombic Li 2 Te 2 O 5 phase (-Li 2 Te 2 O 5 ), based on the results of an X-ray study of a sample quenched from 583 K. Our interpretation of the X-ray data of the bulk sample quenched from 583 K differs from that of Balaya & Sunandana (1993) . The results of the identi®cation of the quenched phases by Balaya & Sunandana (1993) The second, relatively small, exothermic peak was observed at 594 K in the DSC curve (Fig. 1) . Fig. 2 suggests that the exothermic reaction corresponds to conversion from LT-X to -Li 2 Te 2 O 5 . Note that usually the conversion from metastable phase to stable phase (more stable phase) indicates an exothermic reaction. The X-ray results indicate that the formation of the -TeO 2 is caused by crystallization from the vitreous TeO 2 component which remained after the crystallization into the LT-X phase. Thus, the third, relatively broad, exothermic peak corresponds to the formation of the -TeO 2 crystalline phase from the vitreous TeO 2 after decomposition into Li 2 Te 2 O 5 and TeO 2 , respectively. Balaya & Sunandana (1993) reported that the eutectic point corresponded to the composition 30Li 2 OÁ70TeO 2 . In this case, the glass with the composition 30Li 2 OÁ70TeO 2 indicates that any crystalline phase should not exist at higher temperature X-ray diffraction patterns of each crystalline phase observed at 563, 673, 743 and 758 K, by applying the Bragg±Brentano X-ray optical system with a scintillation counter for precise measurement. Those described 743 and 758 K in this ®gure were measured after cooling to room temperature from appropriate temperatures. than the eutectic one. However, the present study observed the crystalline phases, such as -Li 2 Te 2 O 5 and Li 2 TeO 3 , afterTeO 2 and -Li 2 Te 2 O 5 disappeared at temperatures above 723 K, indicating the eutectic point. Therefore, the present results indicate that the eutectic point is near the composition 25Li 2 OÁ75TeO 2 , as described in the phase diagram of the Li 2 O±TeO 2 system proposed by Yakhind & Martishchenko (1970) .
Structural change based on endothermic reaction
Two relatively large endothermic peaks between 673 and 773 K and broad peaks from about 763 to 789 K were observed in the DSC curve. The X-ray diffraction analysis indicates that the -Li 2 Te 2 O 5 phase grows up to 683 K and decreases up to 723 K. Then, another phase, -Li 2 Te 2 O 5 , appears at 733 K. The -TeO 2 continues to grow up to 713 K and still remains at 733 K. Combining the DSC result and the X-ray diffraction data, the ®rst endothermic peak at 711 K is found to be caused by the transformation from -Li 2 Te 2 O 5 into -Li 2 Te 2 O 5 . Thus, the endothermic reaction seems to proceed to complete formation of the -Li 2 Te 2 O 5 phase. The second endothermic peak at about 756 K is accompanied by a small and broad endothermic shoulder. The X-ray diffraction pattern showed that -TeO 2 melted at about 723 K. The melting of -TeO 2 corresponds to the small and broad endothermic shoulder beginning at about 723 K, while the appearance of an Li 2 TeO 3 phase above 753 K indicates the incongruent melting of the -Li 2 Te 2 O 5 . Therefore, the second endothermic peak with the broad shoulder should be the overlap of the two endothermic reactions caused by the melting of -TeO 2 and the incongruent melting from -Li 2 Te 2 O 5 into the crystalline phase of Li 2 TeO 3 and the molten TeO 2 composition.
The last small and broad endothermic peak observed around 773 K corresponds to the melting of the Li 2 TeO 3 . As the melting of the Li 2 TeO 3 is preserved, the melt composition becomes closer to 30Li 2 OÁ70TeO 2 . The phase relation between two polymorphs of Li 2 Te 2 O 5 at high Calculated X-ray pro®le of -Li 2 Te 2 O 5 based on a single-crystal structure (Cachau-Herreillat et al., 1981). temperature has been discussed by several authors (Yakhind & Martishchenko, 1970; Norbert et al., 1976; Tatsumisago et al., 1995) . However, there exist discrepancies concerning the phase identi®cation and existence of -Li 2 Te 2 O 5 at high temperature. Norbert et al. (1976) In the X-ray spectrum taken at 623 K, cooled from 743 K, a characteristic diffraction peak of the -Li 2 Te 2 O 5 phase was found as shown in Fig. 7 X-ray diffraction patterns measured every minute for 25 min and at appropriate times up to 24 h at constant temperature of 703 K. 
Conclusions
The main conclusions of the study of the thermal behaviour of the 30Li 2 OÁ70TeO 2 glass and the phase relations in the Li 2 O± TeO 2 system are as follows.
Three exothermic peaks between 553 and 673 K, and two relatively large endothermic peaks between 683 and 773 K with two broad peaks around 738 and 773 K were observed in the present DTA and DSC measurements. These thermal reactions could correspond to the structural changes analysed by the X-ray method at the elevated temperature.
The four lithium tellurite crystalline phases were found in the appropriate temperature ranges, together with vitreous, crystalline and molten -TeO 2 . These lithium tellurite compounds were the unknown crystalline phase (LT-X), and - 
